Bulk Zr 62Àx Nb x Cu 15:4 Ni 12:6 Al 10 (x ¼ 0{10 at%) glassy alloys were prepared via copper mould casting. XRD, DSC, SEM and compression test show appropriate niobium addition can enhance the glass forming ability (GFA) and thermal stability of these alloys. The bulk amorphous alloy with x ¼ 2:5 displays the largest temperature interval of supercooled liquid region (ÁT x ) up to 105 K and the largest value 0.428. However, the largest critical diameter is not achieved at x ¼ 2:5 but at x ¼ 5 instead, indicating a larger ÁT x and value does not necessarily mean a higher glass-forming ability. At x ¼ 10, no glass transition but crystallization takes place, suggesting too much Nb may promote crystallization. The compression test shows increasing Nb content increases the strength and reduces the plasticity of the Zr 62Àx Nb x Cu 15:4 Ni 12:6 Al 10 glassy alloy, which is apparently attributed to the decrease in the number of microstructural heterogeneities in the metallic glasses, resulting in much less severe multiplication and interaction of shear bands.
Introduction
Due to their unique mechanical properties, such as high elastic limit, relatively low Young's modulus and high elastic strain of up to 2%, bulk metallic glasses (BMGs) have been considered as promising advanced engineering structural materials. 1) So far, intensively studies have been focused on the glass-forming ability, thermal stability, phase transformation, microstructure, deformation mechanisms and mechanical properties of Zr-based BMGs because of their attractive features and large glass forming ability in comparison with other BMG systems.
By adding other alloying elements such as Nb, Ti, Ag et al. into Zr-Al-Ni-Cu system many new BMGs have been fabricated. One of the examples is Zr 57 Nb 5 Ni 12:6 Cu 15:4 Al 10 glassy alloy with critical diameter up to a centimeter.
2) It has been reported that Nb addition has a strong influence on the thermal stability and the glass-forming ability of Zr-AlNi-Cu BMGs. Nb not only enhances glass forming ability but also induces quasicrystalline phase formation in Zr 69Àx Nb x Ni 10 Cu 12 Al 9 , Zr 60 Nb x Ni 10 Cu 22Àx Al 8 (x ¼ 0{15 at%) and Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 glassy alloys. [3] [4] [5] [6] Addition of Nb in Zr-Al-Ni-Cu (-Be or -Ti) also leads to the stabilization of -Zr to form glassy matrix/ductile -Zr dendrite composites. [7] [8] [9] [10] Although Nb has been reported to improve the mechanical properties in some Zr-based BMGs, 11, 12) its effects can be significantly different in other alloy systems. In the present work, the effects of substitution of Zr with Nb on the glass-forming ability and thermal stability of the Zr 62Àx Nb x Cu 15:4 Ni 12:6 Al 10 glassy alloys were investigated. In addition, the effect of Nb on the mechanical properties of the studied glassy alloys was analyzed.
Experimental Procedure
As niobium is difficult to mix with other elements homogeneously, a master alloy Zr 78 Nb 22 was firstly prepared by arc-melting pure zirconium and niobium metals in a Tigetter argon atmosphere. Then, ingots of the Zr 62Àx Nb xCu 15:4 Ni 12:6 Al 10 alloys were prepared by melting a mixture of elements Zr, Cu, Ni, Al together with a proper amount of master alloy. The purity of metals was from 99.9 mass% to 99.999 mass%. The ingots were remelted under vacuum (2 Â 10 À3 Pa) in quartz tubes using an induction-heating coil and then injected through a 1 mm (inner diameter) nozzle into copper molds using high-purity argon. The copper moulds had internal rod-shaped cavities of 2 mm to 12 mm in diameter.
The transverse cross sections of as-cast samples were analyzed with the x-ray diffraction in a D/max-2500PC diffractometer with Cu-K radiation. The melting behavior and thermal stability were examined by differential scanning calorimetry (DSC) in a Netzsch DSC-404C at a heating rate of 0.33 K/min. Cylindrical compression specimens of 2 mm in diameter with aspect ratio 1:2 were cut from the as-cast rods and tested in a MTS 810 Material Testing System under a strain rate of 2 Â 10 À4 s À1 at room temperature. The fracture features were observed by using a Supra 35 scanning electron microscope (SEM). Figure 1 shows the DSC curves of the Zr 62Àx Nb xCu 15:4 Ni 12:6 Al 10 alloys (x ¼ 0{10 at% Nb) obtained at a heating rate of 0.33 K/min. The endothermic peak due to melting exists for all alloys and the melting reaction appears to occur in a single stage; the difference between the onset melting temperature T m and offset temperature T l does not change distinctly with addition of niobium. In comparison with the Zr 62 Cu 15:4 Ni 12:6 Al 10 glassy alloy, addition of Nb slightly lowers the onset melting temperature. The onset melting temperature drops from 1102 K to 1087 K when Nb up to 2.8 at% is added, but it does not continue to decrease but slightly increase with further increasing niobium content. As indicated by glass transition temperature T g and crystallization temperature T x , the glass transition and supercooled region are visible for the alloys with x ¼ 0{7:5 at%. No exothermic peak are observed for the alloy with x ¼ 10, meaning no glass transition takes place, thus, no amorphous phase is formed. With increasing Nb from 0 to 7.5 at%, T g increases monotonically from 651 K to 689 K; on the other hand, T x increases at lower Nb condition but decreases when Nb surpasses 2.8 at%, and the crystallization reaction shifts from a single-stage pattern to two-stage pattern. 13) and the critical diameter d cr are summarized in Table 1 . Based on the data in Table 1 , ÁT x , T rg and are plotted as the function of Nb content, as shown in Fig. 2 . The temperature interval of supercooled liquid region ÁT x , which equals to T x -T g , serves as an indicator of the thermal stability of the supercooled liquid. A higher ÁT x represents higher thermal stability. As indicated in Fig. 2 , the addition of Nb strongly affects the thermal stability of these alloys. The value of ÁT x increases from 96 K to a maximum value of 105 K with increasing niobium content from 0 to 2.5 at%, then decreases monotonically with increasing niobium content from 2.5 at% to 7.5 at%. The Zr 59:5 Nb 2:5 Cu 15:4 Ni 12:6 Al 10 glassy alloy displays the highest thermal stability. Therefore, it may be concluded that small amount of Nb may improve thermal stability of Zr-Cu-Ni-Al alloys and too much addition of Nb may deteriorate thermal stability and promote crystallization reaction.
Results and Discussion

Thermal stability
T g ; T x ; ÁT x ; T m ; T l ; T rg (reduced glass transition temper- ature, T g =T l ), parameter (defined as T x =ðT g þ T l Þ),
Glass forming ability
ÁT x ; T rg ðT g =T l Þ and the parameter are usually used to predict the glass forming ability for multi-component alloy systems. Fig. 2 , with increasing Nb content from 0 to 7.5 at%, T g =T l increases monotonically from 0.570 to 0.613. Parameter and ÁT x increases to their maximum value from 0.416 to 0.428 and 96 K to 105 K, respectively, when Nb content increases from 0 to 2.5 at%. As Nb content further increases from 2.5 to 7.5 at%, parameter and ÁT x decreases. From above results, it seems that the Zr 59:5 Nb 2:5 Cu 15:4 Ni 12:6 Al 10 glassy alloy may have the highest glass-forming ability in terms of the value of parameter or ÁT x . However, the critical diameter able to achieve a fully glassy structure is only 6 mm for this composition, while the largest critical diameter of 12 mm is obtained with the alloy Zr 57 Nb 5 Ni 12:6 Cu 15:4 Al 10 . Obviously, the best glass former for Zr-Cu-Ni-Al-Nb alloys does not correspond to the composition with either the largest undercooled liquid region (ÁT x ) or the highest reduced glass transition temperature (T rg ).
It is well known that T g =T l is an important parameter to estimate the glass-forming ability, i.e., higher T g =T l corresponds to larger glass forming ability. As shown in Fig. 2 , T g =T l increases with increasing Nb content, indicating GFA of Zr-Al-Ni-Cu is favored if alloyed with Nb. On the other hand, the decrease of ÁT x implies that adding Nb induces quasicrystal formation, which in turn decreases the glass forming ability. Therefore, an optimum Nb content of 5 at% is reached when the two effects of Nb balance each other.
Three empirical rules have been proposed to determine easy glass formers for the bulk amorphous alloy systems. 14) These are: (a) requirement of three or more elements, (b) significant difference in atomic size ratios above about 12% among the three main constituent elements, and (c) negative heats of mixing among the main constituent elements. In the Zr-Nb-Cu-Ni-Al system, the atomic sizes change in the order of Zr(0.158 nm) > Nb(0.146 nm) > Al(0.143 nm) > Cu(0.127 nm) > Ni(0.124 nm) and the atomic size ratios are 1.08 for Zr/Nb, 1.10 for Zr/Al, 1.24 for Zr/Cu and 1.27 for Zr/Ni. In addition, the heats of mixing have been estimated to be 4 kJ/ mol for Zr-Nb, À44 kJ/mol for Zr-Al, À23 kJ/mol for Zr-Cu, À49 kJ/mol for Zr-Ni. 15) These data on the atomic size ratios and heats of mixing do not strictly satisfy the three empirical rules, which may the reason for the abnormal correlations between the ÁT x and the glass-forming ability in Zr 62Àx Nb x Cu 15:4 Ni 12:6 Al 10 alloys.
Thermodynamically, the tendency for glass formation is favored if the Gibbs free energy difference G l!s between the undercooled melts and the corresponding crystalline solids is small. In this case, the critical nucleation work for the formation of a crystal becomes large and therefore the nucleation rates are greatly reduced. The less is the value of G l!s , the higher is the glass-forming ability. G l!s can be estimated by using the following expression:
where, ÁH f is the enthalpy of fusion, T the temperature of the undercooled melt, and the proportionality coefficient. By taking ¼ 0:8, the values of G l!s for the Zr 62Àx Nb xCu 15:4 Ni 12:6 Al 10 glassy alloys (x ¼ 0{7:5%) at the temperatures of T g are estimated as shown in Table 2 . The minimum G l!s value is obtained at x ¼ 7:5%, which does not correspond to the largest glass forming ability, suggesting the effect of Nb on GFA can not be explained only by thermodynamic data and some other factors may play a more important role. According to Greer's confusion principle, 17) at lower Nb addition, it is assumed that varieties of alloying elements make it difficult for the long-range diffusion of atoms to take place to form crystalline phases; the complexity of atomic size ratios favors a more efficiently dense packing structure, which suppresses the nucleation of crystalline phases. When Nb reaches a critical level, the dense packed icosahedral cell can be distorted to a large degree and may be no longer stable, thus formation of crystalline phase becomes inevitable. Figure 4 shows compressive stress-strain curves for the Zr 62Àx Nb x Cu 15:4 Ni 12:6 Al 10 BMGs (x ¼ 0{7:5 at%). Table 3 summarizes the results of the compression test. The specimen of the Zr 62 Cu 15:4 Ni 12:6 Al 10 (x ¼ 0) glassy alloy displays very high fracture strength (2050 MPa) and large plasticity (20.5%), which has been ascribed to the intensive multiplication, branching and restrictions of shear bands resulted from interaction of primary shear bands with nanocrystallites of 2-5 nm size. 18) (Fig. 5) . A possible explanation for the difference in deformation behavior in Fig. 4 could be related to the microstructural diversities in the metallic glasses. Although x-ray diffraction patterns indicate the compression samples for the Zr 62 Cu 15:4 Ni 12:6 Al 10 alloy are fully amorphous, heterogeneities such as nanometer crystallites do exist as verified by high resolution TEM.
Mechanical properties
18) The HRTEM observation is not consistent with the XRD analysis, since XRD lacks sensitivity to small volume fractions of nanocrystallites. With increasing niobium content, glass forming ability for the Zr 62Àx Nb x Cu 15:4 Ni 12:6 Al 10 alloys increases, the degree of vitrification also increases. As a result, the number of heterogeneities interacting with shear bands is greatly reduced, resulting in much less severe multiplication and bifurcation of shear bands.
Conclusions
(1) The reduced glass transition temperature T rg increases with increasing Nb content in the Zr 62Àx Nb x Cu 15:4 -Ni 12:6 Al 10 glassy alloys; on the other hand, parameter and ÁT x change inversely with increasing Nb content. 
